To determine the clinical importance of the photopic negative response (PhNR) of the focal electoretinogram (fERG) for diagnosing glaucoma. METHODS. Fifty-nine eyes of 38 patients with open-angle glaucoma (OAG), 12 glaucoma suspects, and 32 eyes of 32 normal controls were studied. The fERGs were elicited by a 15°stim-ulus spot on the macula region, the supero-temporal, and infero-temporal regions of the macula. The mean of the visual sensitivity was measured by standard automated perimetry (SAP). The optimal cutoff amplitudes of the focal PhNR and ratios of the focal PhNR/b-wave amplitudes that discriminated glaucomatous eyes from normal eyes were obtained from the receiver operating characteristic curves. RESULTS. The amplitudes of the PhNR were significantly smaller in patients with OAG than in normal controls (P Ͻ 0.00001). A curvilinear relationship was found between the mean sensitivity (dB, on log scale) and the PhNR amplitude, and between the mean sensitivity and the PhNR/b-wave amplitude ratio. After converting the mean sensitivity from a logarithmic to a linear scale, the amplitude of the PhNR and PhNR/b-wave ratio were linearly correlated with the SAP-determined visual sensitivity in all retinal areas (r ϭ .428 -0.544, P Ͻ 0.0001). When the optimal cutoff values were used, the sensitivity and specificity of the PhNR/b-wave amplitude ratio were 98.3% and 90.1%, respectively. CONCLUSIONS. The reduction of the focal PhNR amplitude was associated with a local decrease in the retinal sensitivity in OAG. The high sensitivity and specificity suggest that the focal PhNR can be used to detect functional loss in OAG. (Invest Ophthalmol Vis Sci. 2008;49:5636 -5644) DOI:10.1167/iovs. T he photopic negative response (PhNR) is a negative wave that follows the photopic b-wave; it originates from the activity of retinal ganglion cells (RGCs) and their axons, which receive signals from cones.
T he photopic negative response (PhNR) is a negative wave that follows the photopic b-wave; it originates from the activity of retinal ganglion cells (RGCs) and their axons, which receive signals from cones. 1, 2 Evidence has been accumulating that the PhNR can be used to evaluate the functional condition of the neurons in the inner retina of patients with optic nerve diseases [3] [4] [5] [6] [7] [8] [9] and inner retinal diseases. 10 -13 Open-angle glaucoma (OAG) is a disease of the inner retina that affects the RGCs and their axons. Because the activity of RGCs contributes to the PhNR, it has been studied extensively in eyes with OAG. 3, 4, 7, 9 Viswanathan et al. 4 demonstrated that the amplitude of the PhNR is significantly correlated with the visual sensitivity obtained by standard automated perimetry (SAP) and the cup/disc ratio determined by ophthalmoscopy.
Recent advances in imaging technology have allowed investigators to evaluate the structure of the optic nerve head and retinal nerve fiber layer thickness (RNFLT) quantitatively. Experiments conducted in our clinic have shown that the amplitude of the full-field PhNR was highly correlated with the RNFLT measured by optical coherence tomography (OCT) in patients with optic nerve atrophy induced by trauma, compression, and inflammation. 5 Another of our studies, conducted on patients at different stages of glaucoma, showed that the PhNR amplitude was significantly correlated with the optic disc rim area, the cup/disc area ratio, and the RNFLT. 9 The sensitivity and specificity of the PhNR amplitude of the full-field ERG to differentiate glaucomatous from normal eyes were 77% and 90%, respectively, when the optimal cutoff values were used. However, the sensitivity decreased to 57% for patients with early-stage glaucomatous visual field defects, indicating that the PhNRs of the full-field ERGs are not suitable for identifying patients with early-stage glaucoma.
The full-field photopic ERGs are elicited by Ganzfeld stimuli, and they represent the sum of the activity of neurons across the entire retina. However, the initial glaucomatous changes begin in localized areas of the retina and optic nerve head, and these are manifested as localized visual field defects and enlargement of the optic disc cup.
14 Therefore, it is not surprising that the full-field ERGs are not altered in eyes at the early and even at the intermediate stage of glaucoma even if focal visual field defects are already present.
Miyake et al. [15] [16] [17] [18] [19] [20] developed an ERG stimulating and recording system that allowed them to record responses from focal retinal areas while viewing the location of small stimulus spots (5°to 15°) on the ocular fundus. We used a similar instrument to record focal responses from the paracentral regions of the retina, which are preferentially affected at the early stage of glaucoma. Preliminary data demonstrated that the responses elicited by this system were indeed focal, and the amplitudes of the PhNR of the full-field ERGs and the focal ERGs (fERGs) were attenuated in patients with optic nerve atrophy. This strongly suggests that the PhNRs of the fERGs, or focal PhNRs, represent the activity of RGCs in localized retinal areas. Relevant to the present study, Colotto et al. 3 reported that the PhNRs of the fERGs were attenuated in patients with early glaucoma. However, they only recorded fERGs from the macular region of 11 patients with early OAG.
The aims of our study were twofold. The first was to determine whether a significant correlation existed between the focal PhNR and the visual sensitivity determined by SAP. The second was to determine whether it is possible to differentiate glaucomatous from normal eyes by the characteristics of the focal PhNRs.
METHODS Patients
Seventy-one eyes of 38 patients with OAG were studied. The patients, whose ages ranged from 47 to 83 years with a mean Ϯ SD of 68.9 Ϯ 8.7 years, were being treated in the Glaucoma Unit of the Iwate Medical University Hospital. The diagnosis of OAG was based on the presence of a glaucomatous optic disc associated with visual field defects measured by SAP and an open angle confirmed by gonioscopy. The presence of glaucomatous optic disc was determined by the guideline of Japanese Society of Glaucoma developed in 2005 (http:// www.nichigan.or.jp/member/guideline/glaucoma2.jsp). According to the diagnostic criterion for minimal abnormality in the visual field, 21 a visual field defect was determined to be glaucomatous when it met one of three criteria: (1) the pattern deviation plot showed a cluster of three or more non-edge points that had lower sensitivities than that in 5% of the normal population (P Ͻ 0.05) and one of the points had a sensitivity that was lower than 1% of the population (P Ͻ 0.01); (2) the value of the corrected pattern SD was lower than that of 5% of the normal visual field (P Ͻ 0.05); or (3) the Glaucoma Hemifield Test showed that the field was outside the normal limits. Of the 71 eyes, 12 did not meet these criteria and were designated as glaucoma suspects and analyzed as a separate group. In all glaucomatous eyes, the intraocular pressure was reduced to Ͻ21 mm Hg by anti-glaucoma eye drops at the time of the ERG recordings.
Thirty-two eyes of 32 age-matched normal volunteers, ranging in age from 53 to 78 years with a mean of 68.0 Ϯ 7.8 years, served as control eyes. There was no significant difference in the mean age between the normal controls and patients. Ten eyes of 10 normal controls were tested twice and the second recordings were made at least two days but no more than two weeks after the first. To evaluate the within-subject variability, the coefficient of variation (CV ϭ SD/mean ϫ 100) was calculated for the focal b-wave and PhNR amplitudes.
This research was conducted in accordance with the Institutional Guidelines of Iwate Medical University, and the procedures conformed to the tenets of the Declaration of Helsinki. An informed consent was obtained from all subjects after a full explanation of the nature of the experiments.
ERG Recordings
Before the ERG recordings, the pupils were confirmed to be maximally dilated to approximately 8 mm in diameter after topical application of a mixture of 0.5% tropicamide and 0.5% phenylephrine HCL. FERGs were recorded from the macular and from the supero-temporal and infero-temporal retinal regions of the macula, which are designated as the center, superior/temporal, and inferior/temporal areas, respectively (Fig. 1A) . The stimulus system was integrated into the infrared fundus camera (Mayo Co., Nagoya, Japan), which was developed by Miyake et al. [15] [16] [17] [18] [19] [20] The stimulus spot was 15°in diameter and was placed on the retinal area of interest, and was confirmed to remain there by viewing the ocular fundus on a monitor. During the ERG recordings, all subjects were instructed to fixate the fixation point in the center of the visual field, and the point of fixation was monitored by observing the image from the infrared fundus camera. The white stimulus and background lights were generated by light emitting diodes (LEDs) that had maximal spectral emissions at 440 to 460 nm and 550 to 580 nm. The intensity of the stimulus and background lights was 165 cd/m 2 and 6.9 cd/m 2 , respectively. The stimulus duration was 10 ms.
After corneal anesthesia by 4% lidocaine HCL and 0.4% oxybuprocaine HCL, a bipolar contact lens electrode (Burian-Allen ERG Electrode; Hansen Ophthalmic Laboratories, Iowa City, IA) was inserted into the conjunctival sac. A chlorided silver electrode was placed on the left ear lobe as the ground electrode. The responses were digitally band pass filtered from 5 to 200 Hz for the a-and b-waves and the focal PhNR and from 50 to 500 Hz for the oscillatory potentials (OPs; Neuropack , MEB 9102; Nihonkoden, Tokyo, Japan). Three to five hundred responses were averaged at a stimulation rate of 5 Hz.
The a-waves were measured from the baseline to the trough of the first negative response, and the b-wave from the first trough to the peak of the following positive wave. The amplitudes of OP1, OP2, and OP3 were measured and summed and designated as ⌺OPs (Fig. 1C) . We determined the time when the maximum amplitude of the focal PhNR was attained according to the method of Rangaswamy et al. 6 To do this, we measured the focal PhNR amplitude from 55 to 90 ms after the flash in 5 ms steps in normal subjects, and found that it was largest at 70 ms for the central and inferior/temporal fERGs and at 80 ms for the superior/temporal fERGs. Therefore, we measured focal PhNR amplitudes at these respective time point throughout the study (Fig.  1D ).
Visual Field Analysis
Static visual field analysis was performed (Humphrey Visual Field Analyzer, Model 750; Humphrey Instruments, San Leandro, CA). The SITA Standard strategy was applied to program 10-2 and 24-2, and the measurements of visual sensitivity were made after at least 3 minutes of adaptation to the background lights.
The mean of the visual sensitivity obtained by the 10-2 program was taken to be the visual sensitivity of the central retinal area. The averaged visual sensitivity of nine plots in the superior/nasal and inferior/nasal visual field of 24-2 program was assumed to represent the visual sensitivity in the inferior/temporal and superior/temporal retinal areas, respectively (Fig. 1C) . The dB is 10 ϫ log (1/Lambert). We converted all visual sensitivity of each measured point (dB, log unit) to 1/Lambert (linear unit) which was averaged for each retinal area. These averaged values were designated the mean linear sensitivity. The mean linear sensitivity was then converted to log units to obtain the mean sensitivity in dB units.
The fERGs were recorded from these retinal areas, and we calculated whether a significant correlation existed between the mean of visual sensitivity of each retinal area with the amplitudes of the focal PhNRs elicited from the corresponding retinal area.
Quantitative Assessments of Optic Nerve Head and Retinal Nerve Fiber Layer
The morphology of the optic nerve head was determined with the use of confocal scanning diode technology (HRTII; Heidelberg Retina Tomograph II; Heidelberg Engineering GmbH, Heidelberg, Germany). Three 15°field-of-view scans, centered on the optic nerve head, were obtained and automatically averaged by the program of the instrument (IR1-V1.7.2/4622). Experienced operators evaluated the quality of the images and outlined the disc margin while viewing the photograph of the optic nerve head.
The retinal nerve fiber layer (RNFL) birefringence around the optic nerve head was measured by scanning laser polarimetry with a conversion to variable corneal compensation (GDx-VCC; Carl Zeiss Meditec, Inc., Dublin, CA).
Statistical Analyses
The significance of the differences was determined by the two-tailed Student's t-test for paired data. Pearson's coefficient of correlation was used to determine the degree of correlation between ERG parameters and SAP-determined sensitivity. Statistical significance was set at P Ͻ 0.05.
The sensitivity of the focal PhNR indicates how well the focal PhNR can separate glaucomatous from normal eyes, and the specificity shows how well the focal PhNR can differentiate normal from glaucomatous eyes. The sensitivity and specificity were calculated with standard formulas for the focal PhNR amplitude and the focal PhNR/b-wave amplitude ratio. We used receiver operating characteristic (ROC) curves to determine the cutoff values that yielded the highest likelihood ratio. The area under the curve (AUC) was obtained to compare the ROC curves. These analyses were performed using commercial 
RESULTS

Representative Cases
Representative fERGs recorded from the center, superior/temporal, and inferior/temporal areas are shown in Figure 1D . Although the waveforms of the fERGs recorded from the three different retinal areas did not change substantially, the b-wave amplitude of normal controls was significantly larger in the center than in the superior/temporal (P Ͻ 0.0001) or inferior/ temporal retinal areas (P Ͻ 0.05). The shape of the focal PhNRs differed from those of the full-field photopic ERGs by the absence of a prominent i-wave that is seen after the b-wave. 22 The structural and functional results of a 59-year-old man with OAG whose visual field defect was located in the inferior visual field (superior retinal area) are shown in Figure 2A . In the total deviation plot, some points show small decrease of visual sensitivity in the superior visual field of -1 to -6 dB (Fig.  2B) . The RNFL birefringence fell outside the normal limits in the superior sector and at the lower border of the lower limit in the inferior sector (Fig. 2B) . A topographic analysis of the optic disc demonstrated an abnormally thin rim in all sectors except for temporal rim which was at the lower normal limit of the Moorfield classification (Fig. 2C) . From these structural analyses, it appears that the RGC loss extended to the retinal areas where SAP demonstrated a slight decrease of visual sensitivity, which is consistent with earlier reports that showed a large loss of RGC before a significant defect of the visual field is seen. [23] [24] [25] [26] [27] [28] [29] Focal ERGs recorded from the central, superior/temporal, and inferior/temporal retinal areas in this same patient are shown in Figure 2D . Although the a-and b-wave amplitudes of the fERGs did not differ significantly from that of the normal control (Fig. 1D) , the focal PhNR amplitudes were considerably smaller in all three retinal areas. This functional change was not consistent with the SAP results, which showed a slight decrease of visual sensitivity in the superior/nasal visual fields.
FERG Amplitudes in Normal and Glaucomatous Eyes
The averaged amplitudes of the a-and b-waves, ⌺OPs, the focal PhNR, and the focal PhNR/b-wave amplitude ratio are plotted for the central (Fig. 3A) , superior/temporal (Fig. 3B) , and inferior/temporal (Fig. 3C) retinal areas of normal controls (n ϭ 32), glaucoma suspects (n ϭ 12), and glaucomatous eyes (n ϭ 59). The average a-wave amplitude of the focal ERGs was slightly but significantly smaller in glaucomatous eyes than in the normal eyes in all retinal areas (P Ͻ 0.05). This is consistent with the previous results in which the photopic ERG a-wave was attenuated in eyes with ischemic optic neuropathy and with OAG. 6, 7, 9 On the other hand, the amplitudes of the b-wave and ⌺OPs of the fERGs of glaucomatous eyes were not significantly different from that of normal eyes.
In contrast, the amplitude of the focal PhNR and the focal PhNR/b-wave amplitude ratio were significantly smaller in glaucomatous eyes than in normal or glaucoma suspect eyes (P Ͻ 0.0001). Even in the glaucoma suspect eyes, these two ERG parameters were significantly smaller than in normal controls in the all retinal areas tested (P Ͻ 0.05).
Correlation between Focal PhNRs and Visual Sensitivity Determined by SAP
The amplitudes of the focal PhNR and the focal PhNR/b-wave ratio are plotted against the mean of the visual sensitivity measured for the central, superior/temporal, and inferior/temporal retinal areas in Figures 4A to 4C , respectively. There were curvilinear relationships between the visual sensitivity on log scale (dB) and the focal PhNR amplitude or focal PhNR/b-wave amplitude ratio in all retinal areas. The curves in Figure 4 were fit to the equation based on the Hood 30,31 model: R ϭ A ϫ 10 0.1(S -30) ϩ B, where R is the focal PhNR amplitude or the focal PhNR/b-wave amplitude ratio, A is the focal PhNR amplitude or the focal PhNR/b-wave amplitude ratio of normal RGCs, S is mean of visual sensitivity determined by SAP, and B is the basal level of the focal PhNR amplitude or the focal PhNR/b-wave amplitude ratio when a patient has lost sensitivity to light.
The visual sensitivity is converted from a log (dB) to a linear scale in Figure 5A to 5C. The amplitude of the focal PhNR and the focal PhNR/b-wave ratio were linearly and significantly correlated with the visual sensitivity on linear scale in all retinal areas (P Ͻ 0.0001). The 95% confidence intervals (95% CI) for the coefficient of correlations and slopes are shown in Table 1 .
Sensitivity and Specificity of Focal PhNR Amplitude and Focal PhNR/b-wave Amplitude Ratio
The cutoff values were varied in decrements of 0.1 V for the focal PhNR amplitude and 0.01 for the focal PhNR/b-wave amplitude ratio for the pooled data from glaucomatous and normal eyes. The sensitivity and specificity were obtained for each cutoff value and plotted to determine ROC curves (Fig. 6) . The ROC curves of the focal PhNR amplitudes (Fig. 6A) and focal PhNR/b-wave amplitude ratios (Fig. 6B) are plotted for the central, superior/temporal, and inferior/temporal retinal areas. The AUC were larger for the focal PhNR/b-wave amplitude ratio than for the focal PhNR amplitude ( Table 2 ). The sensitivity and specificity were obtained by employing optimal cutoff values giving the maximal likelihood ratio ( Table 2 ). The optimal cutoff values for the focal PhNR amplitude were 0.75, 0.65, and 0.75 V for the central, superior/temporal, and inferior/temporal retinal areas, respectively. The values for the focal PhNR/b-wave amplitude ratio were 0.225, 0.225, and 0.325 for the corresponding retinal areas.
If eyes were classified as being glaucomatous when their focal PhNR amplitudes or focal PhNR/b-wave amplitude ratio were less than the cutoff values in either retinal areas (combined criterion in Table 2 ), the sensitivity increased to 94.9 (95% CI, 85.9 -98.9) and 98.3% (90.9 to 100) for the focal PhNR amplitude and the focal PhNR/b-wave amplitude ratio, respectively ( Table 2 ). The specificity obtained by the combined criteria was 84.4 (95% CI: 67.2 to 94.7) and 90.1% (75.8 to 96.8) for the focal PhNR amplitude and the focal PhNR/b-wave amplitude ratio, respectively. 
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The CVs for the focal b-wave amplitude in normal controls were 7.14 Ϯ 5.98% for the central, 14.30 Ϯ 7.28% for the superior/temporal, and 9.03 Ϯ 7.53% for the inferior/temporal retinal areas. The corresponding values for the focal PhNR amplitude were 15.90 Ϯ 10.83% for the central, 14.20 Ϯ 7.28% for the superior/temporal, and 9.21 Ϯ 4.96% for the inferior/ temporal retinal areas. Although the CV for the focal PhNR amplitude was significantly larger than the focal b-wave in the central retinal areas (P Ͻ 0.05), the differences were not significant in the other retinal areas. The CVs of the focal PhNR in the superior and inferior/temporal retinal areas were comparable to those of the full-field PhNR.
9
DISCUSSION
The ability to record fERGs has enabled investigators to evaluate the properties of the retina in localized retinal areas. [15] [16] [17] [18] [19] [20] The functional properties of the outer and middle retinal layers have been investigated in various retinal and choroidal diseases. [32] [33] [34] [35] [36] [37] [38] [39] However, only a single study has been conducted to assess the inner retinal function using the focal PhNR. Colotto et al. 3 were the first to report that the focal PhNRs were reduced in patients with OAG. They recorded the fERGs from only the macular region of 11 eyes of 11 patients with early OAG. In the present study of 59 eyes of 38 patients, we recorded the fERG from the macular region as well as the supero-temporal and inferotemporal retinal areas, where RGCs are preferentially affected by glaucoma. We found a significant correlation between the amplitude of the focal PhNR and local retinal sensitivity. In addition, we demonstrated that the focal PhNR can be used to discriminate glaucomatous eyes from normal eyes. Thus, our results appear to be the most comprehensive demonstration on the effect of OAG on the properties of the focal PhNRs.
Correlation between Focal PhNRs and Visual Sensitivity of Local Retinal Areas
Colotto et al. 3 demonstrated that the focal PhNR recorded from the macular region was linearly correlated with mean deviation of SAP. We examined a larger number of subjects, and found a different relationship from their results. The focal PhNR amplitude and focal PhNR/b-wave amplitude ratio were associated with the visual sensitivity (dB, on the log scale) in a curvilinear fashion. Earlier, we found that the relationship between the mean deviation of SAP and the full-field PhNR could be best fit by a log-linear relationship. 9 A similar relationship has also been found between the pattern ERG amplitude and visual field sensitivity. 40 The curvilinear relationship between the focal PhNR and visual sensitivity (dB) indicates that a large reduction in the focal PhNR amplitude was associated with only a small reduction of SAP-determined visual sensitivity on the log scale (dB) at the early stage of glaucoma. In addition, at the advanced stage of glaucoma there would be a small reduction of the focal PhNR amplitude corresponding with a large 
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decrease of visual sensitivity on the log scale. Taken together, the focal PhNR should be suitable for detecting early glaucomatous changes in localized areas of the retina, but is not suitable for following patients with advanced glaucoma. When the visual sensitivity is converted from a log scale to a linear scale and replotted against the focal PhNR amplitude or the focal PhNR/b-wave amplitude ratio, we found linear correlations between these ERG parameters and the visual sensitivity in all retinal areas. A similar finding has been reported in relationship between the pattern ERG amplitude and the visual sensitivity (dB) on the linear scale. 41 These observations indicate that the curvilinear relationship between visual sensitivity and inner retinal responses can be partially explained by the fact that the visual sensitivity is recorded in logarithmic units (dB) by SAP.
FERGs and i-Wave
The i-wave is a positive-going wave that follows the b-wave and is superimposed on the full-field PhNR. It is very prominent in the photopic full-field ERGs. 5, 22 Therefore, some attempts have been made to reduce the amplitude of the i-wave, such as use of a red stimulus on a blue background or long duration stimuli. 2, 4, 6, 9, 42 The results of this study showed that the i-wave of the focal ERGs was much smaller than that of the full-field ERG. The i-wave is produced by an interaction of the ON-and OFFresponses, 22 and Kondo et al. 43, 44 demonstrated that the OFF/ ON-response ratio (d-wave/b-wave amplitude ratio) of the multifocal ERGs increased with increasing retinal eccentricity. This indicated that the OFF response contributes less to the amplitude of the i-wave in the macular area. This can explain our findings that the i-wave of the fERG is smaller in the macular and peri-macular areas. However in glaucomatous eyes, the i-wave appeared after the b-wave even in the fERG because of a decrease in the counteracting focal PhNR, making it difficult to determine the trough of the focal PhNR. Therefore, we measured the focal PhNR amplitude at a fixed time point.
Sensitivity and Specificity of fERGs
In a previous study, we showed that the sensitivity and specificity of the full-field PhNR recorded from glaucomatous and normal eyes using red stimuli on a blue background were 77% and 90%, respectively. 9 The sensitivity and specificity of the focal PhNR recorded from each retinal area were comparable to those obtained for the full-field PhNR.
Our results with the focal PhNR demonstrated that a combination of the data obtained from the three retinal areas improved the sensitivity to detect glaucoma to 94.9% and 98.3% for the focal PhNR amplitude and focal PhNR/b-wave amplitude ratio, respectively. It is possible that the patients could have been classified glaucomatous based on a SAP visual field defect that was not present in the retinal area from which the focal PhNR was measured. Although in such cases the sensitivity of the focal PhNR will be low, the sensitivity values will improve when the combined criteria are used. Based on these results, we recommend that fERGs should be recorded from the macula and the peri-macular regions and be used to increase the ability to detect functional changes in glaucomatous eyes. However, the combined criteria reduced specificity to 84.4% and 90.1% for the focal PhNR amplitude and focal PhNR/b-wave amplitude ratio, respectively. It should be noted that the incidence of false positive will be increased when the combined criteria are used. 
Contribution of RGCs in Shaping a-Wave of fERG
Interestingly, the a-wave amplitude was slightly but significantly attenuated in glaucomatous eyes in the present study.
Rangaswamy et al. 6 demonstrated that the a-wave amplitude of the full-field cone ERG was reduced in patients with optic neuropathy induced by ischemia, which is consistent with our result regarding the a-wave. These results suggest that responses originating from the RGCs partially shapes the a-wave of the fERGs. However, the a-wave amplitude cannot be used to discriminate glaucomatous eyes from normal eyes because most of the a-wave amplitudes of glaucomatous eyes overlapped with the normal values.
Advantage of fERGs over Pattern ERGs
Pattern ERGs also originate from the activity of RGCs, [45] [46] [47] and are another retinal response that has been used to detect functional abnormalities in glaucoma. Earlier studies have demonstrated a significant correlation between the pattern ERG amplitude and visual field defect or structure of the RNFL and optic disc. 40, 41 In addition, the pattern ERG can detect functional loss earlier than SAP. 40, 41, 48, 49 The fERGs appear to be better than the pattern ERG in the following ways. First, the retinal area to be tested can be selected while viewing the ocular fundus. The stimulus area is smaller in the fERG even using a 15°spot than in the pattern ERG, which then allows a better resolution of the functional analysis. Second, it is not necessary to correct the refractive errors for the fERG. And third, we can record the a-and b-waves and OPs simultaneously in the fERG, which enables us to concomitantly analyze the function of the outer and middle retinal layers.
However, in contrast to the pattern ERG, the fERG possesses an essential problem in which scattered light from the stimulated area evokes retinal responses, the stray light effect. In previous studies, Miyake et al. 18 developed stimulus condition using background light that minimized the stray light effect. We adjusted stimulus conditions to produce fERG waveforms with similar amplitude to those that Miyake et al. 18 have reported. Therefore, it is assumed that we reduced the contribution from the stay light to a minimum.
Limitations of the Present Study
One of the limitations of this study was that we included both eyes of most of the patients with glaucoma in data analyses. We did this because there were differences in the visual field defects in the two eyes. However, this inclusion may reduce the variability among the eyes by eliminating the effect of individual variations.
Because the focal PhNR is a slow wave, Colotto et al. 3 adjusted the low cut filter to 0.3 Hz, which theoretically recorded the entire focal PhNR. However, lowering the low cut filter produces slow drifts in the baselines, which can affect the shape of the focal PhNR in the clinical recordings. Therefore, we decided to set the low cut filter at 5 Hz and kept in mind that this setting could modify and reduce the focal PhNR amplitude. The CVs of the focal PhNR amplitude were comparable to those of the focal b-wave except for the central retina, indicating the focal PhNR is unlikely affected by the baseline drifts in our recording condition. Future studies are needed to determine the proper ranges of low cut filters for recording the focal PhNR in the clinical practice.
CONCLUSIONS
The decrease in visual sensitivity in glaucomatous eyes was correlated with a reduction of the focal PhNRs. The curvilinear relationship between the visual sensitivity (dB) on log scale and the focal PhNR amplitudes indicates a large reduction of the focal PhNR amplitude with small change in the SAP-determined sensitivity in the early stage of glaucoma. After converting the visual sensitivity from the log to linear units, the focal PhNR amplitudes were linearly correlated with visual sensitivity on linear scale. The high sensitivity and specificity suggest that the focal ERG PhNR can be used as a functional measure to detect functional loss in glaucomatous eyes.
